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We consider a model of modified gravity from the nonperturbative quantization of a metric.
We obtain the modified gravitational field equations and the modified conservational equations. We
apply it to the FLRW spacetime and find that due to the quantum fluctuations a bounce universe can
be obtained and a decelerated expansion can also possibly be obtained in a dark energy dominated
epoch. We also discuss the effects of quantum fluctuations on inflation parameters (such as slow-
roll parameters, spectral index, and the spectrum of the primordial curvature perturbation) and
find values of parameters in the comparing the predictions of inflation can also work to drive the
current epoch of acceleration. We obtain the constraints on the parameter of the theory from the
observation of the big bang nucleosynthesis.
PACS numbers: 04.60.-m; 98.80.-k; 04.90.+e
I. INTRODUCTION
A great number of astronomical observations have confirmed that the Universe is experiencing an accelerated ex-
pansion. In the framework of general relativity an unknown energy component, dubbed as dark energy, is usually
introduced to explain this phenomenon. The simplest candidate of dark energy is the vacuum energy with a constant
equation of state (EoS) parameter w = −1. This model is consistent with most of the current astronomical observa-
tions, but it suffers from the cosmological constant problem [1] and age problem [2] as well. Therefore it is natural
to consider more complicated cases. The most popular attempt is to propose modifications of the Einstein-Hilbert
Lagrangian by adopting different functions of the Ricci scalar, known as f(R) theories, which have been studied
extensively [3–7]. However, the fourth order field equations in f(R) theories make it is hard to analyze. Analogous to
f(R) theories, a new scenario based on the modification of the teleparallel gravity, called f(T ) theory, was proposed
to explain the accelerated expansion of the Universe [8, 9]. Recently, it has been shown that one can obtain modi-
fied gravity from Heisenberg’s nonperturbative quantization [10–12]. According to this technique, the classical fields
appearing in the corresponding field equation are replaced by operators of the fields. Think of general relativity, we
have the operator Einstein equations
Gˆµν ≡ Rˆµν − 1
2
gˆµνRˆ = k
2Tˆµν , (1)
where k2 = 8πG and we take c = 1. All geometric operators, such as Γˆabc, Rˆ
a
bcd, and Rˆab, are defined in the same
way as in the classical case by replacing the classical quantities with the corresponding operators [10]. Heisenberg’s
technique offers one possibility to solve this operator equation by average it over all possible products of the metric
operator gˆ(x1), ..., gˆ(xn) which can be written as an infinite set of equations for all Green’s functions:
〈Q|gˆ(x1) · Gˆµν |Q〉 = k2〈Q|gˆ(x1) · Tˆµν |Q〉, (2)
... = ..., (3)
〈Q|gˆ(x1) · ... · gˆ(xn) · Gˆµν |Q〉 = k2〈Q|gˆ(x1) · ... · gˆ(xn) · Tˆµν |Q〉, (4)
where |Q〉 is a quantum state [10, 11]. This set of equations cannot be solved analytically. Some proximate methods
to solve them were discussed in Refs [10, 13], for example, one can decompose the metric operator into a sum of an
average metric gµν and a fluctuating part δ̂gµν [10].
gˆµν = gµν + δ̂gµν . (5)
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2Assuming 〈δgˆµν〉 6= 0 and ignoring high order fluctuations, we expand the Einstein-Hilbert Lagrangian Lgˆ = 12k2
√−gˆRˆ
in the following manner
Lgˆ = Lgˆ(g + δgˆ) ≈ Lg(g) + δLg
δgµν
δ̂g
µν
. (6)
The expectation value of
δLg
δgµν δ̂g
µν
can be represented as
〈
δLg
δgµν δ̂g
µν
〉
=
δLg
δgµν 〈δ̂g
µν〉 = √−gGµν〈δ̂g
µν〉 [10]. Then the
expectation value of Lagrangian (6) has the form
〈Lgˆ〉 ≈ 1
2k2
√−g[R+Gµν〈δgˆµν〉]. (7)
Similarly, we can expand the quantum Lagrange density Lgˆm as follows
Lgˆm(g + δgˆ) ≈
√−gLm(g) + δ
√−gLm
δgµν
δ̂g
µν
. (8)
With the aforementioned assumptions, the expectation value of the quantum Lagrange density (8) takes the form [10]
〈Lgˆm(g + δgˆ)〉 ≈
√−g[Lm + 1
2
Tµν〈δgˆµν〉
]
. (9)
Therefore the modified Lagrangian density can be written as (for details, see Ref. [10, 11])
L =
1
2k2
√−g[R+Gµν〈δgˆµν〉]+√−g[Lm + 1
2
Tµν〈δgˆµν〉
]
. (10)
In this paper, we will consider the simplest case: 〈δgµν〉 = αgµν and derive the equation of motion. Then we
will investigate the effects of quantum fluctuations of metric on the evolution of the universe. Obviously, if |α| ≪ 1,
the modified Lagrangian density (10) approximates to the Hilbert-Einstein Lagrangian density, namely the model
of modified gravity proposed here approximates to general relativity. In order to adequately analyze the effects
of quantum fluctuations on the universe, or in other words, to take seriously the way to modify gravity from the
nonperturbative quantization of a metric [10], we will consider all possible values the parameter α can take.
The paper is outlined as follows. In next section, we will present the modified gravitational field equations and the
modified conservational equations. In Sec. III, effects of quantum fluctuations on the universe are discessed. Finally,
we will briefly summarize and discuss our results in section IV.
II. MODIFIED GRAVITATIONAL FIELD EQUATIONS
For Lagrangian density (10), since 〈δgˆµν〉 has the same symmetry as the metric gµν , the simplest case is 〈δgˆµν〉 =
αgµν , which was suggested in [10]. Therefore Lagrangian density (10) takes the form
L = Lmg + Lmm =
1
2k2
√−g(1− α)R +√−g[Lm − 1
2
αT ], (11)
where T = gµνT
µν with Tµν = −2δ(√−gLm)/(√−gδgµν). Lagrangian density (11) may can be rewritten as a
special type of f(R, T ) gravity phenomenologically proposed in [14], but here we obtain it basing on theoretical
considerations and for the first time discuss it in detail. In general, comparing with the classical part of the metric,
quantum fluctuations are small (|α| < 1), such as in radiation, matter, or dark energy dominated era; however, it is
possible that quantum fluctuations are large (|α| > 0) when the system we consider closes to the Planck scale, such as
in the very early epoch. Varying Lagrangian density (10) with respect to gµν and assuming δgµν = 0 on the boundary,
we obtain
δLmg =
1
2k2
(1− α)
(
Rµν − 1
2
gµνR
)
δgµν , (12)
δ(
√−gLm) = −1
2
Tµν
√−gδgµν , (13)
and
δ(
√−gT ) = Tδ√−g +√−gδT = −1
2
gµνT
√−gδgµν +√−g(Tµν + θµν)δgµν , (14)
3where δT/δgµν = Tµν + θµν with θµν = g
αβδTαβ/δg
µν. Assuming that the Lagrangian density Lm of matter depends
only on the metric tensor component gµν , not on its derivative, one can easily get Tµν = gµνLm − 2∂Lm/∂gµν and
δTαβ
δgµν
= −gαλgβσδλσµνLm +
1
2
gµνgαβLm − 1
2
Tµνgαβ − 2 ∂
2Lm
∂gαβ∂gµν
, (15)
where δλσµν = δg
λσ/δgµν. Then we have
θµν = gµνLm − 2Tµν − 2gαβ ∂
2Lm
∂gαβ∂gµν
. (16)
For different matter, θµν takes different form. From equations (12), (13), and (14), we obtain the gravitational field
equations
Rµν − 1
2
gµνR =
2k2
1− α
[
1
2
(1 + α)Tµν − 1
4
αgµνT +
1
2
αθµν
]
. (17)
We can seen that the gravitational constant G and the energy-momentum tensor are modified due to the quantum
fluctuation of the metric. Because R = −k2[T +αθ/(1−α)], the gravitational field equations (17) can be rewritten as
Rµν =
2k2
1− α
[
1
2
(1 + α)Tµν − 1
4
gµνT +
1
2
αθµν − 1
4
αgµνθ
]
. (18)
Taking into account the covariant divergence of Einstein tensor ∇νGµν = 0, we get for the divergence of the stress-
energy tensor Tµν the equation
∇νTµν = 1
1 + α
[
1
2
α∇µT − α∇νθµν
]
. (19)
In other words, if we take into account of quantum fluctuations, the stress-energy tensor are not conserved quantities
any more. Discussions on the nonconservation of stress-energy tensor can be found in [15–18]. Obviously, for small α,
the effects of quantum fluctuations are weak, Lagrangian density (10) approximates to the Hilbert-Einstein Lagrangian
density. In order to adequately investigate the effects of quantum fluctuations of metric on the universe, see, for
example, for a α ∼ 1, the effects of quantum fluctuations can even approximatively counteract the gravity, it is worth
considering all possible values the parameter α can take. We will discuss this topic in detail in the following sections.
III. COSMOLOGICAL APPLICATIONS
In this section, we apply the gravitational field equations (17) to a homogeneous and isotropic Friedmann-Lemaˆıtre-
Robertson-Walker (FLRW) universe with scalar factor a,
ds2 = dt2 − a2(t)
[
dr2
1 +Kr2
+ r2(dθ2 + sin2 θdφ2)
]
, (20)
where the spatial curvature constant K = +1, 0, and −1 correspond to a closed, flat, and open universe, respectively.
In the present study, we consider a perfect fluid specified by the stress energy tensor
Tµν = (ρ+ p)uµuν − gµνp. (21)
There are different choices for the Lagrangian density of the perfect fluid and all of them leads to the same field
equations and the stress-energy tensor in the context of general relativity [19, 20]. Two Lagrangian densities, Lm = −p
and Lm = ρ, have been widely used in the literatures [21–26]. The matter Lagrangian density as an arbitrary function
of the energy density of the matter ρ only has been discussed in [16]. Here the matter Lagrangian density Lm enters
explicitly the field equations (17) and all results strongly depend on the choice of Lm. Following Ref. [14], we take
the Lagrangian for matter as Lm = −p. The fluid 4-velocity satisfies the condition uµuµ = 1. Then for the variation
of the stress-energy of a perfect fluid, we get the expression
θµν = −2Tµν − gµνp. (22)
4With T = ρ − 3p and θ ≡ θµµ = −2T − 4p = −2(ρ− p), the µν = 00 component of the gravitational field equations
(18) is
a¨
a
= −1
3
k2
2(1− α)
[
ρ+ (3− 4α)p], (23)
and equations µν = 00 and µν = 11 together gives
H2 +
K
a2
=
1
3
k2
2(1− α) [(2− 3α)ρ+ αp] . (24)
To investigate the effects of quantum fluctuations of metric on the universe, for simplicity while without losing
generality here we consider a spatial flat FLRW spacetime. Equations (24) and (23) are rewritten as
H2 =
k2
3
[
2− 3α
2− 2αρ+
α
2− 2αp
]
=
k2
3
[
2− (3− w)α
2− 2α
]
ρ, (25)
a¨
a
= −k
2
3
1
2(1− α)
[
ρ+ (3 − 4α)p] = −k2
6
[
1 + (3− 4α)w
1− α
]
ρ, (26)
For three cases: (1) w = 0 and α > 1, (2) 0 < w < 1 and 1 < α < 34 +
1
4w , (3) w < 0 and α <
3
4 +
1
4w or α > 1, we
have a¨ > 0, an accelerated expansion can be obtained. For α = 34 +
1
4w , a constant-speed expansion is obtained. For
other cases, decelerated expansions are obtained.
Contracting equations (19) with uµ, we obtain
uµ∇νTµν = ρ˙+ 3H(ρ+ p), (27)
uµ∇µT = ρ˙− 3p˙, (28)
uµ∇νθµν = −2[ρ˙+ 3H(ρ+ p)]− p˙. (29)
The modified conservation equation (19) takes the form
(1− 3
2
α+
1
2
wα)ρ˙ +
1
2
αρw˙ = 3(α− 1)Hρ(1 + w). (30)
For α = 0, equations (25), (26), and (30) reduce to the standard forms.
Now we investigate the effects of the quantum fluctuation of metric on the very early universe, inflation, the
radiation-dominated, the dust-dominated, or the dark energy dominated epochs.
We first consider the effects of the quantum fluctuations on the very early universe. In this era, it is possible that
the quantum fluctuations may be large. From equations (25) and (26), we find that H = 0 and H˙ > 0 will be satisfied
for α = 2/(3− w) and −1 < w < 0 (implying 1/2 < α < 2/3), namely a bounce universe can be obtained, which can
not be realized in general relativity with the same matter.
Secondly, we discuss the effects of the quantum fluctuations on inflation. We consider a scalar field φ, which has
the energy density, ρ = 12 φ˙
2 + V (φ), and the pressure, ρ = 12 φ˙
2 − V (φ). The conditions for slow-roll inflation are:
φ˙2 ≪ V (φ) and φ¨≪ dV (φ)/dφ. Therefore, equations (25) and (30) take the form, respectively
H2 =
k2
3
1− 2α
1− α V (φ), (31)
3Hφ˙ = −1− 2α
1− α
dV (φ)
dφ
. (32)
Comparing with the standard equations of inflation, an additional factor 1−2α1−α appears due to the quantum fluctuations
of the metric, which may have effects on the process of the inflation. Condition 1−2α1−α > 0 gives: α > 1 or α < 1/2.
The two slow-roll parameters are modified as, respectively
ǫM =
(
1− 2α
1− α
)
ǫ, (33)
ηM =
(
1− α
1− 2α
)
η, (34)
5where ǫ ≡ 124piG
(
V ′
V
)2
and η ≡ 18piG V
′′
V are the standard slow-roll parameters. The spectral index and the spectrum
of the primordial curvature perturbation are modified as, respectively
nsM = 1− 6ǫM + 2ηM = 1− 6
(
1− 2α
1− α
)
ǫ+ 2
(
1− α
1− 2α
)
η, (35)
PRM =
(
1− α
1− 2α
)
PR, (36)
where PR is the standard spectrum. Due to the quantum fluctuations of the metric, modified ηM and PRM are larger
than the standard ones for 0 < α < 1/2 or α > 1 and are smaller than the standard ones for α < 0, while ǫM changes
on the contrary.
According to the Planck 2015 results, the spectral index of curvature perturbations is constrained as ns = 1− 6ǫ+
2η = 0.968±0.006 [27]. Here we take ǫ = 0.01 and η = 0.014 for quantitative analysis. From equation (35) and taking
α = 0.01, we get nsM = 0.965 and PRM = 1.01PR; taking α = −0.01, we have nsM = 0.963 and PRM = 0.99PR. All
these results are consistent with the Planck observations.
For a constant EoS, equation (30) takes the form
(1− 3
2
α+
1
2
wα)ρ˙ = 3(α− 1)(1 + w)Hρ, (37)
which can be integrated as
ρ = ρ0a
6(α−1)(1+w)
2−3α+wα . (38)
For a radiation-dominated epoch, w = 1/3, from equation (38) we get
ρ = ρ0a
12(α−1)
3−4α . (39)
It reduces to the standard evolution of radiation: ρ = ρ0a
−4 for α = 0. If 1 < α < 3/2, namely, the quantum
fluctuations are large, the expansion of the universe will be accelerated even in a radiation-dominated period. However,
it can be expected that the quantum fluctuations in the this era should be very small. Taking α = 0.01, it is easy to
get ρ = ρ0a
−4− 174 ≃ ρ0a−4. Taking α = −0.01, we have ρ = ρ0a−4+ 176 ≃ ρ0a−4.
From equation (25), the quantum fluctuations of metric could lead to a non-standard, early universe expansion rate
H ′, whose ratio to the standard rate H is parameterized by an expansion rate factor S ≡ H ′/H . The modification
of expansion might also arise due to additional light particle such as neutrinos which would make the ratio to be
H ′/H = [1 + 7(Nν − 3)/43]1/2. Here we are interested in the modifications coming for the quantum fluctuations of
metric and take Nν = 3. As well know, the big bang nucleosynthesis (BBN) provides very stringent constraints on
the evolution of the early universe [28–35] and has been used to test cosmological models (for example, see references
[36–46]). From equations (25) and (39) and taking 0.85 < s < 1.15 [32], we find the parameter α is constrained as
−0.141 < α < 0.09 or 1.000025 < α < 1.000046.
For a dust-dominated epoch, w = 0, equation (38) reduces to
ρ = ρ0a
6(α−1)
2−3α . (40)
We get the standard evolution of dust: ρ = ρ0a
−3 for α = 0. If α > 1, in other words, the quantum fluctuations are
large, we find that the expansion of the universe will be accelerated even in a dust-dominated period. However, it
also can be expected that the effects of quantum fluctuations in the this epoch are very small. Taking α = 0.01, we
get ρ = ρ0a
−3− 3197 ≃ ρ0a−3. Taking α = −0.01, it is easy to have ρ = ρ0a−3+ 3203 ≃ ρ0a−3.
Now we consider an era dominated by dark energy (about 70%) and dark matter. The total EoS (w = ΩD0wD0
where ΩD0 and wD0 are respectively the present values of the dimensionless energy density parameter and the EoS of
the dark energy) must be larger than that of dark energy which is close to −1 according to the Planck observations
[27], the quantum fluctuations must be smaller than the classical metric |α| < 1. In order to obtain an accelerated
phase, we also have to have α < 34 +
1
4w . We take w = −0.7 and α = 0.01 for approximate estimation. For these
values of parameters w and α, we easily get ρ ≃ ρ0a−1782/1963 and a¨a = k
2
6
536
495ρ > 0. Taking w = −0.7 and α = −0.01,
we have ρ ≃ ρ0a−606/679 and a¨a = k
2
6
564
505ρ > 0.
For a dark energy dominated epoch, assuming a constant EoS, it is possible to obtain a decelerated expansion for
3
4 +
1
4w < α < 1 due to the quantum fluctuations of metric. See, for example, taking w = −9/10 and 17/36 < α < 1,
we get ρ = ρ0a
6(α−1)
20−39α and a¨/a = −k26
[
17−36α
10(1−α)
]
ρ < 0; taking w = −11/10 and 23/44 < α < 1, we get ρ = ρ0a
6(α−1)
−20+41α
and a¨/a = −k26
[
23−44α
10(1−α)
]
ρ < 0, meaning that a decelerated expansion can be obtained in both cases.
6IV. CONCLUSIONS AND DISCUSSIONS
We have considered a model of modified gravity from the nonperturbative quantization of a metric. We have derived
the equations of the field and have applied it to the FLRW spacetime. We have investigated the effects of quantum
fluctuations of metric on the very early universe, inflation, radiation-dominated, dust-dominated, and dark energy
dominated epochs. Due to the quantum fluctuations, it is possible to obtain both a bounce universe and a decelerated
expansion in a dark energy dominated epoch for α = 2/(3− w), −1 < w < −1/3, and 34 + 14w < α < 2/3. We have
discussed the effects of quantum fluctuations on inflation parameters, such as slow-roll parameters, spectral index,
and the spectrum of the primordial curvature perturbation. Values of α (|α| < 1 and α <min{ 12 , 34 + 14w}) comparing
the predictions of inflation can work to drive the current epoch of acceleration. If the quantum fluctuations are large,
a accelerated expansion can be obtained even in a radiation-dominated or dust-dominated epoch (of cause, in fact,
these two accelerated phase can not happen because the quantum part of the metric is small in these two era). We
applied BBN to constrain the parameter and found it should satisfy −0.141 < α < 0.09 or 1.000025 < α < 1.000046
to avoid conflicts with observations. Studies on the model proposed here, such as constraints from other astronomical
observations or particle rate creation (see, for example, some related researches [47–53]), can be considered in the
coming progresses.
Other cases, such as 〈δgˆµν〉 ∝ Rµν or Gµν , are also worth discussing in future studies.
Acknowledgments
This study is supported in part by National Natural Science Foundation of China (Grant Nos. 11147028 and
11273010), Hebei Provincial Natural Science Foundation of China (Grant No. A2014201068), the Outstanding Youth
Fund of Hebei University (No. 2012JQ02), the Open Project Program of State Key Laboratory of Theoretical Physics,
Institute of Theoretical Physics, Chinese Academy of Sciences, China (No.Y4KF101CJ1), and the Midwest universities
comprehensive strength promotion project.
[1] S. M. Carroll, The Cosmological constant, Living Rev.Rel. 4 (2001) 1. arXiv:astro-ph/0004075.
[2] R.-J. Yang, S. N. Zhang, The age problem in ΛCDM model, Mon.Not.Roy.Astron.Soc. 407 (2010) 1835–1841.
arXiv:0905.2683, doi:10.1111/j.1365-2966.2010.17020.x.
[3] S. Capozziello, M. De Laurentis, Extended Theories of Gravity, Phys.Rept. 509 (2011) 167–321. arXiv:1108.6266,
doi:10.1016/j.physrep.2011.09.003.
[4] A. De Felice, S. Tsujikawa, f(R) theories, Living Rev.Rel. 13 (2010) 3. arXiv:1002.4928, doi:10.12942/lrr-2010-3.
[5] T. P. Sotiriou, V. Faraoni, f(R) Theories Of Gravity, Rev.Mod.Phys. 82 (2010) 451–497. arXiv:0805.1726,
doi:10.1103/RevModPhys.82.451.
[6] A. Silvestri, M. Trodden, Approaches to Understanding Cosmic Acceleration, Rept.Prog.Phys. 72 (2009) 096901.
arXiv:0904.0024, doi:10.1088/0034-4885/72/9/096901 .
[7] S. Nojiri, S. D. Odintsov, Unified cosmic history in modified gravity: from F(R) theory to Lorentz non-invariant models,
Phys.Rept. 505 (2011) 59–144. arXiv:1011.0544, doi:10.1016/j.physrep.2011.04.001.
[8] G. R. Bengochea, R. Ferraro, Dark torsion as the cosmic speed-up, Phys.Rev. D79 (2009) 124019. arXiv:0812.1205,
doi:10.1103/PhysRevD.79.124019.
[9] R.-J. Yang, New types of f(T ) gravity, Eur.Phys.J. C71 (2011) 1797. arXiv:1007.3571,
doi:10.1140/epjc/s10052-011-1797-9.
[10] V. Dzhunushaliev, V. Folomeev, B. Kleihaus, J. Kunz, Modified gravity from the quantum part of the metric, Eur.Phys.J.
C74 (2014) 2743. arXiv:1312.0225, doi:10.1140/epjc/s10052-014-2743-4.
[11] V. Dzhunushaliev, V. Folomeev, B. Kleihaus, J. Kunz, Modified gravity from the nonperturbative quantization of a metric,
Eur.Phys.J. C75 (4) (2015) 157. arXiv:1501.00886, doi:10.1140/epjc/s10052-015-3398-5.
[12] V. Dzhunushaliev, Nonperturbative quantization: ideas, perspectives, and applicationsarXiv:1505.02747.
[13] V. Dzhunushaliev, V. Folomeev, B. Kleihaus, J. Kunz, Quantum torsion with non-zero standard de-
viation: non-perturbative approach for cosmology, Phys.Lett. B719 (2013) 5–8. arXiv:1210.5878,
doi:10.1016/j.physletb.2013.01.008.
[14] T. Harko, F. S. Lobo, S. Nojiri, S. D. Odintsov, f(R, T ) gravity, Phys.Rev. D84 (2011) 024020. arXiv:1104.2669,
doi:10.1103/PhysRevD.84.024020.
[15] O. Bertolami, F. S. Lobo, J. Paramos, Non-minimum coupling of perfect fluids to curvature, Phys.Rev. D78 (2008) 064036.
arXiv:0806.4434, doi:10.1103/PhysRevD.78.064036.
[16] T. Harko, Modified gravity with arbitrary coupling between matter and geometry, Phys.Lett. B669 (2008) 376–379.
arXiv:0810.0742, doi:10.1016/j.physletb.2008.10.007.
7[17] Y. Bisabr, Modified Gravity with a Non-minimal Gravitational Coupling to Matter, Phys.Rev. D86 (2012) 044025.
arXiv:1205.0328, doi:10.1103/PhysRevD.86.044025.
[18] O. Minazzoli, Conservation laws in theories with universal gravity/matter coupling, Phys.Rev. D88 (2013) 027506.
arXiv:1307.1590, doi:10.1103/PhysRevD.88.027506.
[19] B. F. Schutz, Perfect fluids in general relativity: Velocity potentials and a variational principle, Phys. Rev. D 2 (1970)
2762–2773. doi:10.1103/PhysRevD.2.2762.
URL http://link.aps.org/doi/10.1103/PhysRevD.2.2762
[20] J. D. Brown, Action functionals for relativistic perfect fluids, Classical and Quantum Gravity 10 (8) (1993) 1579.
URL http://stacks.iop.org/0264-9381/10/i=8/a=017
[21] T. P. Sotiriou, V. Faraoni, Modified gravity with r cmatter couplings and (non-)geodesic motion, Classical and Quantum
Gravity 25 (20) (2008) 205002.
URL http://stacks.iop.org/0264-9381/25/i=20/a=205002
[22] V. Faraoni, Lagrangian description of perfect fluids and modified gravity with an extra force, Phys. Rev. D 80 (2009)
124040. doi:10.1103/PhysRevD.80.124040.
URL http://link.aps.org/doi/10.1103/PhysRevD.80.124040
[23] O. Bertolami, C. G. Bo¨hmer, T. Harko, F. S. N. Lobo, Extra force in f(r) modified theories of gravity, Phys. Rev. D 75
(2007) 104016. doi:10.1103/PhysRevD.75.104016.
URL http://link.aps.org/doi/10.1103/PhysRevD.75.104016
[24] O. Bertolami, P. Fraza˜o, J. Pa´ramos, Accelerated expansion from a nonminimal gravitational coupling to matter, Phys.
Rev. D 81 (2010) 104046. doi:10.1103/PhysRevD.81.104046.
URL http://link.aps.org/doi/10.1103/PhysRevD.81.104046
[25] O. Bertolami, A. Martins, Dynamics of perfect fluids in nonminimally coupled gravity, Phys. Rev. D 85 (2012) 024012.
doi:10.1103/PhysRevD.85.024012.
URL http://link.aps.org/doi/10.1103/PhysRevD.85.024012
[26] O. Bertolami, P. Fraza˜o, J. Pa´ramos, Reheating via a generalized nonminimal coupling of curvature to matter, Phys. Rev.
D 83 (2011) 044010. doi:10.1103/PhysRevD.83.044010.
URL http://link.aps.org/doi/10.1103/PhysRevD.83.044010
[27] P. A. R. Ade, et al., Planck 2015 results. XX. Constraints on inflationarXiv:1502.02114.
[28] R. H. Cyburt, B. D. Fields, K. A. Olive, T.-H. Yeh, Big Bang Nucleosynthesis: 2015, Rev. Mod. Phys. 88 (2016) 015004.
arXiv:1505.01076, doi:10.1103/RevModPhys.88.015004 .
[29] F. Iocco, G. Mangano, G. Miele, O. Pisanti, P. D. Serpico, Primordial Nucleosynthesis: from precision cosmology to
fundamental physics, Phys. Rept. 472 (2009) 1–76. arXiv:0809.0631, doi:10.1016/j.physrep.2009.02.002.
[30] G. Steigman, Primordial Nucleosynthesis: The Predicted and Observed Abundances and Their Consequences, PoS NICXI
(2010) 001. arXiv:1008.4765.
[31] J. P. Kneller, G. Steigman, BBN for pedestrians, New J. Phys. 6 (2004) 117. arXiv:astro-ph/0406320,
doi:10.1088/1367-2630/6/1/117.
[32] G. Steigman, Primordial nucleosynthesis: successes and challenges, Int. J. Mod. Phys. E15 (2006) 1–36.
arXiv:astro-ph/0511534, doi:10.1142/S0218301306004028.
[33] G. Steigman, BBN And The CBR Probe The Early Universe, AIP Conf. Proc. 903 (2007) 40–47, [,40(2006)].
arXiv:hep-ph/0611209, doi:10.1063/1.2735129.
[34] M. Pospelov, J. Pradler, Big Bang Nucleosynthesis as a Probe of New Physics, Ann. Rev. Nucl. Part. Sci. 60 (2010)
539–568. arXiv:1011.1054, doi:10.1146/annurev.nucl.012809.104521.
[35] A. Coc, J.-P. Uzan, E. Vangioni, Standard big bang nucleosynthesis and primordial CNO Abundances after Planck, JCAP
1410 (2014) 050. arXiv:1403.6694, doi:10.1088/1475-7516/2014/10/050.
[36] H. Fritzsch, J. Sola, Matter Non-conservation in the Universe and Dynamical Dark Energy, Class. Quant. Grav. 29 (2012)
215002. arXiv:1202.5097, doi:10.1088/0264-9381/29/21/215002 .
[37] S. Nesseris, A. Mazumdar, Newton’s constant in f(R,RµνR
µν ,R) theories of gravity and constraints from BBN, Phys.
Rev. D79 (2009) 104006. arXiv:0902.1185, doi:10.1103/PhysRevD.79.104006 .
[38] D. W. Tian, Big Bang nucleosynthesis and baryogenesis in power-law f(R) gravity: Revised constraints from the semian-
alytical approacharXiv:1511.03258.
[39] S. Dutta, E. N. Saridakis, Observational constraints on Horava-Lifshitz cosmology, JCAP 1001 (2010) 013.
arXiv:0911.1435, doi:10.1088/1475-7516/2010/01/013 .
[40] S. Boran, E. O. Kahya, Testing a Dilaton Gravity Model using Nucleosynthesis, Adv. High Energy Phys. 2014 (2014)
282675. arXiv:1310.6145, doi:10.1155/2014/282675.
[41] N. Katirci, M. Kavuk, f(R, TµνT
µν) gravity and Cardassian-like expansion as one of its consequences, Eur. Phys. J. Plus
129 (2014) 163. arXiv:1302.4300, doi:10.1140/epjp/i2014-14163-6.
[42] R. Ichimasa, R. Nakamura, M. Hashimoto, K. Arai, Big-Bang Nucleosynthesis in comparison with observed helium
and deuterium abundances: possibility of a nonstandard model, Phys. Rev. D90 (2) (2014) 023527. arXiv:1404.4831,
doi:10.1103/PhysRevD.90.023527.
[43] T. Clifton, J. D. Barrow, R. J. Scherrer, Constraints on the variation of G from primordial nucleosynthesis, Phys. Rev.
D71 (2005) 123526. arXiv:astro-ph/0504418, doi:10.1103/PhysRevD.71.123526.
[44] A. Coc, K. A. Olive, J.-P. Uzan, E. Vangioni, Big bang nucleosynthesis constraints on scalar-tensor theories of gravity,
Phys. Rev. D73 (2006) 083525. arXiv:astro-ph/0601299, doi:10.1103/PhysRevD.73.083525.
[45] V. Simha, G. Steigman, Constraining The Early-Universe Baryon Density And Expansion Rate, JCAP 0806 (2008) 016.
8arXiv:0803.3465, doi:10.1088/1475-7516/2008/06/016 .
[46] G. Lambiase, Constraints on massive gravity theory from big bang nucleosynthesis, JCAP 1210 (2012) 028.
arXiv:1208.5512, doi:10.1088/1475-7516/2012/10/028 .
[47] S. H. Pereira, J. F. Jesus, Can Dark Matter Decay in Dark Energy?, Phys. Rev. D79 (2009) 043517. arXiv:0811.0099,
doi:10.1103/PhysRevD.79.043517.
[48] T. Harko, F. S. N. Lobo, J. P. Mimoso, D. Pavon, Gravitational induced particle production through a nonminimal
curvatureCmatter coupling, Eur. Phys. J. C75 (2015) 386. arXiv:1508.02511, doi:10.1140/epjc/s10052-015-3620-5 .
[49] A. L. Erickcek, N. Barnaby, C. Burrage, Z. Huang, Chameleons in the Early Universe: Kicks, Rebounds, and Particle
Production, Phys. Rev. D89 (8) (2014) 084074. arXiv:1310.5149, doi:10.1103/PhysRevD.89.084074.
[50] J. C. Fabris, J. A. de Freitas Pacheco, O. F. Piattella, Is the continuous matter creation cosmology an alternative to
ΛCDM?, JCAP 1406 (2014) 038. arXiv:1405.6659, doi:10.1088/1475-7516/2014/06/038 .
[51] S. Chakraborty, S. Pan, S. Saha, A third alternative to explain recent observations: Future deceleration, Phys. Lett. B738
(2014) 424–427. arXiv:1411.0941, doi:10.1016/j.physletb.2014.10.009.
[52] I. Baranov, J. A. S. Lima, Gravitationally Induced Particle Production and its Impact on the WIMP Abundance, Phys.
Lett. B751 (2015) 338–342. arXiv:1505.02743, doi:10.1016/j.physletb.2015.10.054.
[53] O. Bertolami, J. Pramos, Modified Friedmann Equation from Nonminimally Coupled Theories of Gravity, Phys. Rev. D89
(2014) 044012. arXiv:1311.5615, doi:10.1103/PhysRevD.89.044012 .
